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Natural degradationBound by theHimalaya in the north and the Craton in the south, the Indo-Gangetic Plains (IGP) is one of the larg-
est ﬂuvial plains of the world. The IGP is monotonously ﬂat with a spread of surface soils in hot arid conditions of
Rajasthan in west to per-humid conditions in West Bengal. The soil-geomorphology of the IGP detailed during
the last few decades is useful in determining the interrelationship among the pedogenesis, the climate, and the
landscape evolution during the Holocene. These studies demonstrate that the IGP soils developed on ﬁve geo-
morphic surfaces with varying degree of development. Soils occurring on older geomorphic surfaces (N2.5 ka)
are polygenetic with a distinct record of climatic changes and neotectonics.
The present synthesis is based on recent developments in pedology achieved through macro- and micro-
morphology, clay mineralogy, pedogenic calcrete, and polygenetic pedogenic features of the IGP soils. A
critical evaluation of the IGP soils has helped to comprehend the subtle nuances of the pedogenic processes
that were also inﬂuenced by anthropogenic activities and cultivation over this vast agricultural tract during
the Holocene. We provide state-of-the-art information on the pedology, polygenesis, and soil degradation
(natural and anthropogenic) over the last 10 ka. The review has potential as a reference for critical assess-
ment of the pedosphere for health and quality in different parts of the world. In addition, it facilitates devel-
oping a suitable management practices for the food security in the 21st century.
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The Indo-Gangetic Plains (IGP) is a “foredeep” depression be-
tween the Indian Peninsula to the south and the Himalaya in the
north (Wadia, 1966). Geological studies, geophysical surveys and
deep drillings by the Oil and Natural Gas Commission of India reveal
that the IGP is a vast asymmetric trough with maximum thickness of
about 10 km in the foothills to the north and a minimum of few me-
ters in the south towards craton (Wadia, 1966; Sastri et al., 1971;
Rao, 1973; Raiverman et al., 1983; Parkash and Kumar, 1991). Origin
of the foredeep is linked to the Himalayan orogeny caused by the col-
lision of Indian and Tibetan plates at ca 50 Ma (Klootwijk et al., 1992;
Gaina et al., 2007; Kumar et al., 2007; Kent and Muttoni, 2008). The
Indian Plate is still moving at the rate of 2–5 cm/y towards the
north and the compression generated throughout the plate ensures
that it is continuously under stress providing the basic source of
strain in the fractured zones (Gaur, 1994).
The ﬂuvial deposits and landforms of the IGP have been inﬂu-
enced by the neotectonics during the Holocene. The major rivers of
the IGP have changed their courses and, at present, are ﬂowing to-
wards southeast and easterly directions with convexity towards
the southwest under the inﬂuence of major thrusts bordering the
IGP (Parkash et al., 2000). The IGP is mainly drained by Himalayan
Rivers such as the Indus, the Yamuna, the Ganga, the Ramganga,
the Ghaghara, the Rapti, the Gandak, the Bhagirathi, the Silai, the Da-
modar, the Ajay, the Kosi, and the Brahmaputra rivers and also by the
rivers originating in the Craton from the south such as the Chambal,
the Betwa, and the Son rivers (Fig. 1). The overall topography of the
IGP is remarkably ﬂat with a gradient of b0.02% from the Punjab
(300 m msl) in the west to the eastern delta of West Bengal (1.5–
9.0 m msl) (Fig. 2).
The IGP is one of the most extensive ﬂuvial plains of the world
with an aerial extent of about 5.0 x 105 km2. It accounts for the one
third cultivable lands and a major contributor of the food supply
for the Indian population. The evidence from many archaeological
sites of the IGP show considerable changes from incipient agricultur-
al activities to well developed agricultural practices in the IGP during
the last 10,000 years (Sharma et al., 1980; Kumar et al., 1996; Misra,
2001; Fuller, 2006; Saxena et al., 2006; Williams et al., 2006). Agri-
culture was the mainstay of the people of ancient India and the agri-
culturists were aware of variations in productivity of different types
of soils (Raychaudhuri, 1975; Velayutham and Pal, 2004). Archaeo-
logical lines of evidence further indicate that western parts of the
IGP were the ancient agricultural centres (~10 ka) from where dis-
persal of domestication and anthropogenic activities took place to-
wards the eastern and the southern parts of India (Fuller, 2006;
Chen et al., 2010).The surface soil remains the ﬁrm foundation of human life thriving
on it. However, modern use and abuse of soils has made it one of the
most degraded and least understood ecosystems in terms of its relation-
shipwith people. The knowledge of the IGP soils is important for under-
standing the long-term human interactions (Williams and Clarke, 1984,
1995; Williams et al., 2006; Gibling et al., 2008). The ancient literature
of India (‘Vishnu Purana’ from the ﬁrst century C.E.) suggests that the
early farmers had the knowledge of soils, landforms, erosion, ﬂooding,
sedimentation, vegetation, land use, water and human health
(McNeill andWiniwarter, 2004;Wasson, 2006). Scientiﬁc characteriza-
tion of the the IGP soils can be traced back to the ﬁrst half of 19th cen-
tury when the Geological Survey of India started studying the soils
and the underlying strata in 1846 (Raychaudhuri, 1975; Velayutham
et al., 2002). The IGP soils were deﬁned as one of the four major soils
groups in India (Voelcker, 1893; Leather, 1898). Wadia et al. (1935)
note that soil group boundaries were nearly co-incident with the
major lithotectonic boundaries. During the past ﬁve decades various
soil-forming processes such as calciﬁcation, leaching, lessivage, saliniza-
tion and alkalinization, gleization and homogenization have been iden-
tiﬁed in the IGP (Shankarnarayana and Sarma, 1982). These processes
lead to the formation of a variety of soils in the IGP that representmain-
ly three soil orders – Entisols, Inceptisols and Alﬁsols (Shankarnarayana
and Sarma, 1982). Recent studies, however, indicate that Mollisols,
Aridisols, and Vertisols are also present in the IGP (Bhattacharyya
et al., 2004; Ray et al., 2006).
The intimate relationship of soils and landforms forms the sound
basis for the use of soils in geological studies (Ruhe, 1956, 1960,
1964; Richmond, 1962; Morrisson, 1964, 1965). The critical factors
that inﬂuence soil-formation are climate, biotic activity, relief, par-
ent material, and the age of the geomorphic surface (Jenny, 1941).
The application of soils in geomorphic research is now a well-
established approach as “soil-geomorphology” for understanding
the genetic relationships between the soils and the landscape ele-
ments (Birkeland, 1990; McFadden and Knuepfer, 1990). It is due
to the fact that soils form an essential component of any landscape
and the history of any landscape evolution is intimately tied with
the history of soil development (Birkeland, 1990). The application
of a soil geomorphic approach to soil landscape studies has led to a
more quantitative evaluation of the geomorphic processes operating
over different time scales ranging from 103 to 105 years (Ritter,
1986). Soil-geomorphic studies over the last three decades have
demonstrated that soil development “functions” help in determining
the interrelationship among time, climate, landscape development
and the soil-forming processes (Birkeland, 1990; Harden, 1990;
McFadden and Knuepfer, 1990).
The soil-chronosequences are potentially useful to estimate rates
of soil development and landscape evolution over different time
Fig. 1. Soil-geomorphic map of the IGP extending from Ravi River in the west to the Deltaic Plains in the east. The 62 soil-geomorphic units identiﬁed in the IGP stand for: 1.Ravi-Beas
Interﬂuve I, 2. Ravi-Beas Interﬂuve II, 3. Sutluj-Beas Piedmont, 4. Sutluj-Beas Interﬂuve I, 5. Sutluj-Beas Interﬂuve II, 6. Sutluj-Beas Interﬂuve III, 7. Sutluj-Ghagghar Piedmont I, 8.
Sutluj-Ghagghar Piedmont II, 9. Sutluj-Ghagghar Interﬂuve I, 10. Sutluj-Ghagghar Interﬂuve II, 11. Sutluj-Ghagghar Interﬂuve III, 12. Ghagghar-Yamuna Interﬂuve I, 13. Ghagghar-Yamuna
Interﬂuve II, 14. Ghagghar-Yamuna Interﬂuve III, 15. Ghagghar-Yamuna Interﬂuve IV, 16. Old Yamuna Plains, 17. Aeolian Plains I, 18. Aeolian Plains II, 19. Young Piedmont Plains, 20. Old
Piedmont Plains I, 21. Old Piedmont Plains II, 22. Yamuna-Ganga Interﬂuve I, 23. Yamuna-Ganga Interﬂuve II, 24. Yamuna-Ganga Interﬂuve III, 25. Old Piedmont Plain II, 26. Old Piedmont
Plain I, 27. Young Piedmont Plain, 28. Kosi-Gola Plains, 29. Ganga-Ramganga Interﬂuve, 30. Old Ganga Plains, 31. YoungGanga Plains, 32. Deoha Plains, 33. Ganga-Ghaghara Interﬂuve I, 34.
Ganga-Ghaghara Interﬂuve II, 35. Old Ghaghara Plains I, 36. Young Sihali-Kandra Piedmont, 37. Old Sihali-Kandra Piedmont, 38. Old Ghaghara Plains II, 39. Young Ghaghara Plains, 40.
Rapti-Ghaghara Interﬂuve I, 41. Rapti-Ghaghara Interﬂuve II, 42. Gholia-Dhobania Piedmont, 43. Old Rapti Plains, 44. Oldest Gandak Plain, 45. Older Gandak Plain, 46. Young Gandak
Plain, 47. Gandak-Kosi Piedmont I, 48. Gandak-Kosi Piedmont II, 49. Gandak-Kosi Interfan I, 50. Gandak-Kosi Interfan II, 51. Kosi Megafan, 52.Mahananda-Tista Plains, 53a. Barind Tract
1, 53b. Barind Tract II, 54. Old Ganga Plain, 55. Red Soil Uplands, 56. Ajay-Damodar-Silai Plains, 57. Hugali-Ganga Plains, 58. Tista-Mansai Plains, 59. Mansai-Sankosi Plains, 60. Sankosi-
Manas Piedmont I, 61. Sankosi-Manas Piedmont II, 62. Sankosi-Manas Piedmont I. The soil proﬁles marked as solid circles represent pedons from the earlier studies (Mohindra et al.,
1992; Srivastava et al., 1994; NBSSLUP, 1995a,b; Kumar et al., 1996; Singh et al., 1998; Sinha and Friend, 1999; NBSSLUP, 2002) and the open circles represent new data on 60 pedons.
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chronosequences, the post-incisive soil chronosequences are the most
commonly studied chronosequences that result in a sequence of
progressively younger surfaces in which soils formation may begin
(Vreeken, 1975; Huggett, 1998). For a systematic soil-geomorphic in-
vestigation dealingwith soil genesis and landscape evolution the proce-
dures by Birkeland (1974, 1999) provides the critical framework and
staple reference. In India, the soil-geomorphic approach using pedolog-
ical and geomorphic methods was applied to decipher the soil geomor-
phic history of different parts of the IGP (Singhai et al., 1991; Mohindra
et al., 1992; Srivastava et al., 1994; Kumar et al., 1996; Singh et al., 1998;
Khan et al., 2005).
A comprehensive synthesis of the subtle nuances of pedogenic pro-
cesses in response to climate change, neotectonics and anthropogenic
activities in the entire IGP is, however, lacking. As the IGP is also drained
by rivers of the Indian Craton to the south, the role of cratonic ﬂux (sed-
iments from gneissic and basaltic rocks as source) in genesis of the IGP
soils with vertic characters requires an adequate attention (Tandon
et al., 2008; Pal et al., 2012a). There is an obvious need for critical assess-
ment of the soils in the IGP for understanding the pedogenic response to
climate change and neotectonics during the Holocene time. The synthe-
sis of the IGP soils is signiﬁcant because of the unique position of the
Indian subcontinent and the rising Himalayas that inﬂuence monsoon,
landscapes and vegetation at both regional and global scales. In addition
to the existing information, new data from 60 pedons spread fromwest
to east of the IGP, are also included in the synthesis presented in this ar-
ticle. The assessment of the IGP soils establishes the contemporarypedogenic processes as well as polygenetic pedogenic history from dif-
ferent geomorphic surfaces.
2. Soil-geomorphology of the IGP
The research on soil-geomorphology in India was initiated in the
1980’s by a group of researchers from the University of Roorkee now
known as Indian Institute of Technology Roorkee. Their investigations
covered almost 40% of the IGP and laid down the foundation of soil geo-
morphic studies in India (Singhai et al., 1991; Mohindra et al., 1992;
Srivastava et al., 1994; Kumar et al., 1996; Singh et al., 1998; Khan
et al., 2005). An integrated approach using pedological and geomorphic
methods was applied to decipher Holocene soil-geomorphic history in
different parts of the IGP. It is now established that the vast andﬂat Gan-
getic Plains are characterized by more than two geomorphic surfaces
and the Holocene climate changes are recorded in polygenetic soils
(Srivastava et al., 1994; Srivastava and Parkash, 2002).
In this article, we give comprehensive information on soil-
geomorphic features in the entire IGP extending from the Ravi
River in the west to deltaic plains in the east (Fig. 1). The soil-
geomorphology of the IGP is described in terms of soil-geomorphic
units, degree of soil development, geomorphic surfaces, and soil-
geomorphic groups. Based on synthesis of published soil-geomorphic
work and new data from 60 pedons, we have identiﬁed 62 soil geomor-
phic units and 12 soil-geomorphic groups in the entire IGP. Degree of
development and duration of pedogenesis in each soil-geomorphic
unit suggests origin and stabilisation of ﬁve geomorphic surfaces over
Fig. 2. Topographic proﬁle extending from west to east of the IGP with locations of major rivers and pedons. Field photographs of the 4 representative pedons showing varying colour,
texture, Bw/Bt/Bss, and thickness of the soil proﬁles across the IGP fromwest to east. Pedon Khambi (191mmsl, SAD climate, silty loam, 25 cm thick Bt horizon, 10–15% PC, QIG3 surface);
Pedon Sasni (184 mmsl, SAD climate, sandy loam, 50 cm thick Bt horizon, 5–10% PC, QIG4 surface); Pedon Dodapur (102 mmsl, SAD-SHM climate, silty clay loam, N100 cm thick Bt ho-
rizon, QIG5 surface); Pedon Manteshwar (11 m msl, SHM climate, silty clay loam, 60–80 cm thick Bss horizon, QIG4 surface).
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ﬂoodplains, piedmonts, alluvial plains, old river plains, and interﬂuves.
A soil-geomorphic unit is deﬁned by distinctive features on IRS im-
ages on account of varying characteristics of surface soils and sediments
(Mohindra et al., 1992; Srivastava et al., 1994). For example a darker
tone and uniform red colour is noticed in soil-geomorphic units having
sediment accumulation and ample moisture, e. g. ﬂoodplains and pied-
monts (units 36 and 39 of Ghaghara-Rapti Plains; Fig. 1). The soil-
geomorphic units that are not affected by sediment accumulation are
generally brighter and light red with mottling, e.g. interﬂuves (units
22–24 of Yamuna-Ganga Interﬂuve; Fig. 1). Field evidence and lab
work conﬁrmed differences in soils characteristics of these soil-
geomorphic units. An integrated approach based on the thickness of B
horizon, the clay accumulation index (Levine and Ciolkosz, 1983), the
degree of pedality (Bullock et al., 1985), and the thickness and the na-
ture of clay pedofeatures and pedogenic carbonateswas applied to eval-
uate the degree of development in different soil-geomorphic units
(Mohindra et al., 1992; Srivastava et al., 1994).
The characterization of a geomorphic surface is based on degree of
development and duration of pedogenesis (Mohindra et al., 1992;
Srivastava et al., 1994; Singh et al., 1998). Pedogenic studies of the IGP
conﬁrm that origin and stabilisation of different geomorphic surfaces
occurred during slight uplift of a region above the general level of rivers
that led to the termination of sedimentation and initiation of pedogenic
activity (Srivastava et al., 1994; Kumar et al., 1996; Singh et al., 1998).This led to the formation of the least developed soils close to channels,
alluvial fans, and piedmonts where sediment accumulation rates are
high, whereas the most developed soils formed in upland interﬂuves
and old river plains, where sediment accumulation rates are signiﬁcant-
ly less (Srivastava et al., 1994; Kumar et al., 1996; Singh et al., 1998). Ac-
cordingly, mature/well-developed soils showing strongly to very
strongly developed pedofeatures formed on old geomorphic surfaces
originating at 8000–13500 years B.P. (Table 1 and Table 2). By contrast,
the immature or poorly developed soils with little or no pedogenesis
formed on young geomorphic surfaces over the last 500 years of age
(Tables 1 and 2). The degree of soil development in each of the 62
units has been critically evaluated and compared with available soil-
geomorphic data of the IGP for determining the type of geomorphic sur-
faces (Table 1). Following these criteria at least ﬁve geomorphic sur-
faces, namely QIG1 to QIG5 with ages of b0.5 ka, 0.5–2.5 ka, 2.5–
5.0 ka, 5–10 ka, and N10 ka, are delineable on the 62 soil-geomorphic
units (Tables 1 to 3). Each of the ﬁve geomorphic surfaces is character-
ized by a distinctive pedogenic record. Typical pedogenic features of the
ﬁve geomorphic surfaces of the IGP are listed below.
2.1. QIG1 geomorphic surface and soils
This geomorphic surface is characterized by poorly developed soils
on young piedmonts, alluvial fans, and ﬂoodplains (e.g. units 3, 7, 19,
27, 36, 42, 47, 49, 51, 60; Fig. 1; Table 3). Soils over this geomorphic
Table 1
Criteria for determining relative maturity of the soils and geomorphic surfaces of the IGP (after Srivastava et al., 1994; Kumar et al., 1996; Singh et al., 1998).
Geomorphic surface,
Age (ka)
Representative soil-geomorphic units Typical features of a Pedon (after Srivastava
et al., 1994)
Degree of soil development
Horizonation, B horizon thickness, Structure,
Texture, Pedogenic carbonate (PC),
Classiﬁcation
QIG1 (b0.5 ka) Units 36, 42 in ﬂoodplains and piedmonts
(Fig. 1)
Ap/C, 0–15 cm, Massive, Sandy loam, 2–4% PC
in lower horizons, Typic Ustorthent
Little or no pedogenesis in youngest
geomorphic surface
QIG2 (0.5–2.5 ka) Units 28, 37,39 in young river plains and
remnant piedmonts (Fig. 1)
Ap/Bw//BC, 20–50 cm, Weak subangular
blocky, Sandy and silty loam, 2–5% PC in Bw
horizons, Typic Ustochrept
Weakly developed soils with thin 20–30 μm
thick clay pedofeatures
QIG3 (2.5–5 ka) Units 22, 32,35 in old river plains and upper
interﬂuves (Fig. 1)
Ap/Bw/Bt/BC, 50–85 cm, Moderate
subangular blocky, Silty loam, 2–10% PC in
Bw/Bt horizons, Typic Ustochrept and Typic
Haplustalfs
Moderately developed soils with 50–60 μm
thick clay pedofeatures
QIG4 (5–8 ka) Units 10, 23, 33, 40 in middle parts of
interﬂuves (Fig. 1)
Ap/Bw/Bt/BC, 80–100 cm, Strong subangular
blocky, Silty clay loam, little or no PC, Typic
Haplustalfs
Strongly developed soils with 80–100 μm
thick clay pedofeatures
QIG5 (N10 ka) Interﬂuves Units 5, 8,11, 20,24,34 in lower
parts of interﬂuves and oldest piedmonts
(Fig. 1)
Ap/Bw/Bt/BC, 100–130 cm, Very strong
subangular blocky, Silty clay loam, 2–5% PC in
Bt horizons, Typic Haplustalfs
Very strongly developed soils with 100–
200 μm thick clay pedofeatures
58 P. Srivastava et al. / Earth-Science Reviews 140 (2015) 54–71surface are usually characterized by A/C proﬁles rarely with thin (15–
20 cm) Bw horizons. Micromorphology of the soils from this geomor-
phic surface showed apedal to weakly developed subangular blocky
structure, fresh to weakly alteredmineral grains, lithorelicts, and undif-
ferentiated b-fabrics (Srivastava and Parkash, 2002). Pedogenic carbon-
ate as micritic nodules is common only in piedmont soils of the west,
but a rare feature in ﬂoodplain soils. Tentative age of this geomorphic
surface is assigned as b0.5 ka on account of little or no pedogenesis
(Mohindra et al., 1992; Srivastava et al., 1994).
2.2. QIG2 geomorphic surface and soils
It is deﬁned by weakly developed soils on remnant piedmonts, river
plains, and alluvial fans that were stabilised during 0.5 ka to 2.5 ka (e. g.
units 12–15, 17, 18, 20, 25, 28, 31, 37, 39, 46, 48, 52, 54, 58, 61, 62; Fig. 1;
Table 3). Soils over this geomorphic surface are characterized by 25–Table 2
Soil ages based on C14, TL, Archaeological, and Historical evidences.
Soil Geomorphic unit
(Fig. 1)
Geomorphic surface C14, TL/OSL, Archaeological, His
11 QIG 5 C14 age data: Sambhar Lake, Ra
2.8 m: 8300 ± 135 yrs; 1.9 m:
4510 ± 135 yrs)
15 QIG 2 C14 age data: Rewasa, Bhiwani,
3640 ± 90 yrs)
12–15 QIG 2 Archaeological evidence and sh
• Early Harrapan (2500–1700BC
Yamuna tributaries to Ghagghar
• Late Harrapan (1700–1000 BC)
tributaries to Ghagghar shifted
23 QIG 4 • C14 age of calcrete (6500 BP)
• TL date (8300 BP)
22 QIG 3 • Hub of Ochre Pottery Culture (
• TL dates of 4 unpaired terraces
and T2: 2500 BP and 1600 BP)
34 QIG 5 • C14 age of calcretes (11000 BP
• TL date (13600 BP)
44–46 QIG 2-QIG4 Historical evidence of eastward
the last 5000 yrs)
49–50 QIG 1-QIG3 C14 ages (2.0 m: 2400 ± 45 yrs
0.5 m: 765 ± 45 yrs BP)
54 QIG 2 TL age (1.5 ka)
57 QIG 3 TL age (3.5 ka)
56 QIG 4 TL age (5.4–6.5 ka)
55 QIG 5 Early-Middle Pleistocene (Later45 cm thick Bw horizons that show weak-moderate pedality and
subangular blocky structures (Mohindra et al., 1992; Srivastava et al.,
1994; Kumar et al., 1996; Singh et al., 1998). Thin (20–30 μm) illuvial
clay pedofeatures are common but b1% in the Bw horizon of these
soils. Coarse mineral grains show weak alteration deﬁned by bleaching
and exfoliation of biotite and formation of clay minerals after feldspars.
It is characterized by weak to moderate cross striated b-fabrics. Pedo-
genic carbonate as diffused nodules of micrite is common feature with
extensive dissolution and reprecipitation features in soils over western
and central parts of the IGP (Mohindra et al., 1992; Srivastava et al.,
1994; Kumar et al., 1996).
2.3. QIG3 geomorphic surface and soils
This geomorphic surface is deﬁned by moderately-to-strongly de-
veloped soils in old river plains and upper parts of interﬂuves thattorical evidence Reference
jasthan (3.2 m: 9250 ± 130 yrs;
6235 ± 315 yrs; 1.4 m:
Singh et al. (1974)
Holocene lake, Haryana (1.2 m: Bhatia and Singh (1988)
ifting of paleochannels
): wet climate; Sutluj and
: Dry climate; Sutluj and Yamuna
towards present course
Pal et al. (1980); Singh (1971); Singh et al.
(1974)
Kumar et al. (1996); Das (1993); Srivastava
et al. (1994)
1900 BC–1000 BC)
(T0-T3) above Solani River (T3
Misra (1984), Kumar et al. (1996); Vohra
(1987)
–9000 BP) Rajagopalan (1992); Das (1993); Srivastava
et al. (1994)
shift of Gandak river (80 km over Mathur (1969); Mohindra et al. (1992)
BP, 1.5 m: 1100 ± 45 yrs BP, Sinha et al. (1996)
Singh et al. (1998)
Singh et al. (1998)
Singh et al. (1998)
itic uplands) Singh et al. (1998)
Table 3
A summarised account of soil-geomorphology of the entire IGP. The 62 soil-geomorphic units (1–62) are detailed in the Fig. 1 and its legend. Five geomorphic surfaces (QIG1 to QIG5) indicate degree of development and duration of pedogenesis. The
12 soil-geomorphic groups of the IGP contain various soil-geomorphic units and geomorphic surfaces and are deﬁned in Section 2.7 of the article. The climatic zones (HA to PH) are detailed in legend of the Fig. 5.
Soil Geo- morphic
unit no
Climate (MAR mm) Degree of soil
development
Geo morphic surface Soil Age Dominant Soil Order Reference (125 pedons marked as dark
circles in Fig. 1; after referred works)
New data (60 pedons marked as open circles in
Fig. 1; after Pal et al., 2010; Aruche, 2014)
Estimate after Srivastava et al., 1994; Kumar et al., 1996;
Singh et al., 1998
Ravi-Ghagghar Plains (RGP)
1 HA-SAD (450) Moderate QIG 3 2.5–5 ka Inceptisols, Alﬁsols Sehgal, 1974; NBSSLUP 1995a -
2 HA-SAD (450) Strong QIG 4 5–10 ka Alﬁsols -do- -
3 SAD (675) Very weak QIG 1 b0.5 ka Entisols -do -
4 SAD (675) Strong QIG 4 5–10 ka Alﬁsols -do- -
5 SAD (500) Very strong QIG 5 N10 ka Vertic Haplustalfs -do- Dhadde, Jagitpur
6 HA-SAD (400) Strong QIG 4 5–10 ka Alﬁsols -do- -
7 SAM-SHD (875) Very weak QIG 1 b0.5 ka Entisols -do- -
8 SAM-SHD (905) Very strong QIG 5 N10 ka Oxyaquic Haplustalfs -do- Berpura
9 SAD (674) Moderate QIG 3 2.5–5 ka Typic Ustipsamments,
Inceptic Haplustalfs
-do- Bhanra, Fatehpur
10 SAD (674) Strong QIG 4 5–10 ka Oxyaquic Haplustalfs -do- Phaguwala
11 HA (265) Very strong QIG 5 N10 ka Torriﬂuventic Haplustalfs,
Aridic Haplustalfs
-do- Masitwali, Nihalkhera, Jodhpur Ramana
Ghagghar-Yamuna Plains (GYS)
12 SAM-SHD (875) Weak QIG 2 0.5–2.5 ka Inceptisols Singhai et al., 1991; NBSSLUP 1995b -
13 SAD (625) Weak QIG 2 0.5–2.5 ka Inceptisols -do- -
14 SAD (625) Weak QIG 2 0.5–2.5 ka Inceptisols - Maham
15 SAD (625) Weak QIG 2 0.5–2.5 ka Inceptisols - Nonand, Bahadurgarh
16 SAD 720 Moderate QIG 3 2.5–5 ka Typic Natrustalfs, Inceptisols Singhai et al., 1991; NBSSLUP 1995b; Zarifa Viran, Khambi, Bamnikhera, Singhu,
Jatikalan, Alipur
17 HA (400) Weak, QIG 2 0.5–2.5 ka Inceptisols Singhai et al., 1991; NBSSLUP 1995b -
18 SAD (550) Weak, QIG 2 0.5–2.5 ka Inceptisols Singhai et al., 1991; Kumar et al., 1996 IGI, Shanticolony
Yamuna-Ganga Interﬂuve (YGI)
19 SHM, (1250) Very weak QIG 1 b0.5 ka Entisols Kumar et al., 1996 -
20 SHM, (1250) Very Strong QIG 5 N10 ka Alﬁsols -do- -
21 SHM, (1250) Weak QIG 2 0.5–2.5 ka Inceptisols -do- -
22 SAD (675) Moderate, QIG 3 2.5–5 ka Inceptisols, Alﬁsols -do- -
23 SAD (650) Strong QIG 4 5–10 ka Alﬁsols -do- Hirapur, Sakit, Jattari, Lodha, Sasni
24 SAD-SHM (875) Very strong QIG 5 N10 ka Alﬁsols -do- Pawasgaon, Hanumanta
Ganga-Ghaghara Interﬂuve (GGI)
25 SAD-SHM (875 Weak QIG 2 0.5–2.5 ka Inceptisols Kumar et al., 1996 -
26 SHM (1252) Very strong QIG 5 N10 ka Typic Haplustalfs -do- Haldi
27 SHM (1250) Very weak QIG 1 b0.5 ka Entisols Srivastava et al., 1994 -
28 SAD-SHM (875) Weak QIG 2 0.5–2.5 ka Inceptisols -do- -
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Table 3 (continued)
Soil Geo- morphic
unit no
Climate (MAR mm) Degree of soil
development
Geo morphic surface Soil Age Dominant Soil Order Reference (125 pedons marked as dark
circles in Fig. 1; after referred works)
New data (60 pedons marked as open circles in
Fig. 1; after Pal et al., 2010; Aruche, 2014)
Estimate after Srivastava et al., 1994; Kumar et al., 1996;
Singh et al., 1998
29 SAD-SHM (875) Very strong QIG 5 N10 ka Alﬁsols Kumar et al., 1996 -
30 SAD-SHM (875) Moderate, QIG 3 2.5–5 ka Inceptisols, Alﬁsols -do- -
31 SAD-SHM (875) Weak QIG 2 0.5–2.5 ka Inceptisols -do- -
32 SAM-SHD (1052) Moderate, QIG 3 2.5–5 ka Typic Haplustalfs Srivastava et al., 1994 Simiri
33 SAD-SHM (875) Strong QIG 4 5–10 ka Alﬁsols -do- -
34 SAD-SHM (875) Very strong QIG 5 N10 ka Alﬁsols -do- Hakimkheda, Naryanpur, Gangaganj, Bhajakheda,
Gaurwa, Bikapur, Dodapur, Bhetrigaon
35 SHM (1250) Moderate, QIG 3 2.5–5 ka Inceptisols, Alﬁsols -do- -
Ghaghara-Rapti Plains
36 SHM (1250) Very weak QIG 1 b0.5 ka Entisols Srivastava et al., 1994 -
37 SHM (1250) Weak QIG 2 0.5–2.5 ka Inceptisols -do- -
38 SHM (1250) Moderate, QIG 3 2.5–5 ka Inceptisols, Alﬁsols -do- -
39 SHM (1250) Weak QIG 2 0.5–2.5 ka Inceptisols -do- -
40 SHM (1250) Strong QIG 4 5–10 ka Alﬁsols -do- -
41 SHM (1250) Very strong QIG 5 N10 ka Alﬁsols -do- -
Gandak Megafan
42 SHM (1250) Very weak QIG 1 b0.5 ka Entisols Srivastava et al., 1994 -
43 SHM (1250) Moderate, QIG 3 2.5–5 ka Inceptisols, Alﬁsols Mohindra et al., 1992 -
44 SHM (1250) Strong QIG 4 5–10 ka Alﬁsols -do- -
45 SHM (1250) Moderate, QIG 3 2.5–5 ka Inceptisols, Alﬁsols -do- -
46 SHM (1250) Weak QIG 2 0.5–2.5 ka Inceptisols -do- -
Gandak-Kosi Interfan
47 SHM (1250) Very weak QIG 1 b0.5 ka Entisols Mohindra et al., 1992 -
48 SHM (1250) Weak QIG 2 0.5–2.5 ka Inceptisols -do- -
49 SHM (1250) Very weak QIG 1 b0.5 ka Entisols Mohindra et al., 1992 -
50 SHM (1250) Moderate, QIG 3 2.5–5 ka Fluvenitc Endoquepts, Typic
Endoaqualfs, Entisols
Sinha and Friend, 1999 Nanpur, Gaupur
Kosi Megafan
51 SHM (1250) Very weak QIG 1 b0.5 ka Entisols Singh et al., 1993 -
Mahnanda-Tista Plains
52 HM (1750) Weak QIG 2 0.5–2.5 ka Inceptisols Singh et al., 1998 -
Barind Tract
53a HM (1583) Moderate, QIG 3 2.5–5 ka Inceptisols, Alﬁsols Singh et al., 1998 Alampur
53b HM (1750) Strong QIG 4 5–10 ka Alﬁsols -do- -
Deltaic Plains
54 HM (1750) Weak QIG 2 0.5–2.5 ka Inceptisols Singh et al., 1998 Jodipur
55 HM (1750) Very strong QIG 5 N10 ka Alﬁsols -do- -
56 SHM (1404) Strong QIG 4 5–10 ka Vertic Endoaqualfs,
ChromicVertic Endoaqualfs
-do- Tirula, Kondal Mauza, Manteshwar, Nasigram,
Hangram, Konapara, Madhpur, Sasanga
57 SHM (1583) Moderate, QIG 3 2.5–5 ka Typic Endoaquerts Pal et al., 2010 Chunchura
Tista-Brahamputra Plains
58 PH (2000) Weak QIG 2 0.5–2.5 ka Inceptisols Aruche, 2014 -
59 PH (3292) Moderate, QIG 3 2.5–5 ka Typic Endoaqualfs Pal et al., 2010 Seoraguri
60 PH (N2500) Very weak QIG 1 b0.5 ka Entisols Aruche, 2014 -
61 PH (N2500) Weak QIG 2 0.5–2.5 ka Inceptisols -do- -
62 PH (N2500) Weak QIG 2 0.5–2.5 ka Inceptisols -do- -
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61P. Srivastava et al. / Earth-Science Reviews 140 (2015) 54–71were stabilised during 2.5–5 ka (e.g. Units 1, 9, 16, 22, 30, 32, 35, 38, 43,
45, 50, 53a, 57, 59; Fig. 1; Table 3). These are characterized by 50–80 cm
thick Bw/Bt horizons. Thin sections of these soils show strongly devel-
oped subangular blocky structure, moderate to strong pedality, appre-
ciable alteration of biotite and feldspar grains, and strongly developed
cross-striated b-fabrics (Srivastava and Parkash, 2002). There is appre-
ciable increase of illuvial clay with depth, occurring as thick (50–
60 μm) clay coatings that accounts for N1% in many soils (Srivastava
and Parkash, 2002). Pedogenic carbonate commonly occurs as irregular
shaped nodules of micrite in lower parts of the soils from western and
central parts of the IGP. Soils of this geomorphic surface follow
Inceptisols and Alﬁsols characteristics (Srivastava et al., 1994).2.4. QIG4 geomorphic surface and soils
This geomorphic surface is deﬁned by lower and middle parts of the
major interﬂuves, old surfaces of mega fans, old river plains (units 2, 4,
6, 10, 23, 33, 40, 44, 53b, 56; Fig. 1; Table 3). Age of these soils suggest
stabilisation of this surface occurred during 5–8 ka (Tables 1 and 2).
The soils occurring over this surface are very mature with 75–100 cm
thick Bt horizons. Thin section of these soils show strong pedality,
strong alteration of mineral grains, and extensive domains of cross
and reticulate striated b-fabrics (Srivastava and Parkash, 2002). Illuvial
clay pedofeatures constitute N1% of the thin sections and are 80–
100 μm thick and microlaminated in nature. Pedogenic carbonate is
common in soils of the interﬂuves as densemicritic nodules with disso-
lution and reprecipitation features. These soils belong to Alﬁsols charac-
teristics (Table 3).2.5. QIG5 geomorphic surface and soils
This geomorphic surface is deﬁned by the most strongly devel-
oped soils of the IGP in interﬂuves, oldest piedmonts and old river
plains (e.g. units 5, 8, 11, 24, 26, 29, 34, 41, 55; Fig. 1; Table 3). Age
of this surface is assigned as 10–13.5 ka on the basis of C14 and OSL
dates (Table 2). This geomorphic surface is marked by N100 cm
thick Bt horizons with very strongly developed pedofeatures
(Srivastava et al., 1994; Singh et al., 2006). Thin sections of the
soils showed very strong pedality and extensive illuvial clay
pedofeatures (N1%) and pedogenic carbonate features of different
phases. The clay pedofeatures are marked by thick 100–200 μm
microlaminated clay coatings along the voids. Coarse mineral grains
show strong alteration of biotite and feldspar grains. It is marked by
very strong cross and reticulate striated b-fabrics. These soils belong
to Alﬁsols characteristics (Srivastava et al., 1994).2.6. Signiﬁcance of the geomorphic surfaces of the IGP
The geomorphic surfaces identiﬁed over the entire IGP are similar to
the geomorphic surfaces in interﬂuves of the Greenﬁeld Quadrangle,
Iowa deﬁned by Ruhe (1956, 1969). Accordingly a geomorphic surface
is deﬁned as a portion of the landsurface comprising both erosional
and depositional elements, having continuity in time and space. It
may occupy appreciable part of the landscape and may include many
landforms. It is established when a stable surface is ﬁrst presented
subaerial weathering and soil development (Ruhe, 1969). The geomor-
phic surfaces of the IGP are comparable to the post-incisive soil
chronosequences marked by a sequence of progressively younger sur-
faces in which soils formation may begin (Vreeken, 1975; Mohindra
et al., 1992; Srivastava et al., 1994; Huggett, 1998). The geomorphic sur-
faces are potentially useful to comprehend the pedogenic response of
the IGP soils to climate change, neotectonics, and factors of the soil for-
mation (cf. Sections 3–5).2.7. Soil-geomorphic groups of the IGP
A soil-geomorphic group consists of several soil-geomorphic units
that occur adjacent to each other within a region bound by different riv-
ers or other landforms. In ﬁeld, a soil-geomorphic group could be identi-
ﬁed as grouping of distinctly different soils on different components of a
landform or the adjacent landforms bound bymajor rivers. For example,
the Ganga-Ghaghara Interﬂuve (GGI) is a group of 11 soil-geomorphic
units (i.e. Units 25–35; Fig. 1; Table 3). Based varying pedogenic develop-
ment in these units ﬁve geomorphic surfaces (QIG1–QIG5) are identiﬁed
in the GGI (Table 3). Following this criteria, the 62 soil-geomorphic units
of the IGP are organised in to 12 soil-geomorphic groups that are deﬁned
as: (1) Ravi-Ghagghar Plains (RGP), (2) Ghagghar-Yamuna Plains
(GYP), (3) Yamuna-Ganga Interﬂuve (YGI), (4) Ganga-Ghaghara
Interﬂuve (GGI), (5) Ghaghara-Rapti Plains (GRP), (6) Gandak
Megafan (GMF), (7) Gandak-Kosi Interfan (GKI), (8) Kosi Megafan
(KMF), (9) Mahananda-Tista Plains (MTP), (10) Barind Tract (BT),
(11) Deltaic Plains (DP), and (12) Tista-Brahmaputra Plains (TBP). A
synthesis of the soils for the entire IGP spread over 62 soil-
geomorphic units and the 12 soil-geomorphic groups is presented in
Table 3. A brief description of the 12 soil-geomorphic groups with dif-
ferent geomorphic surfaces (QIG1–QIG5) is presented below. It high-
lights the role of soil development on different geomorphic surfaces in
response to climate change and neotectonics.
2.7.1. Ravi-Ghagghar Plains (RGP)
This soil-geomorphic group deﬁnes the western most part of the
IGP, between the Ravi River and the Ghagghar River and is marked by
westerly drainage. The RGP includes eleven soil-geomorphic units
(Units 1–11, Fig. 1; Table 3) dominated by well-developed soils
that belong to QIG4–QIG5 surfaces (5.0–10 ka, N10 ka) for most
parts of the RGP. The RGP is also marked by few weakly and moder-
ately developed soils (QIG1: e.g. units 3 and 7, QIG3: e.g. unit 9;
Table 3) in the areas of active sedimentation like ﬂoodplains, pied-
monts, and interﬂuves (Fig. 1). The dominance of Alﬁsols and
Inceptisols in the RGP indicates moderate-strong degree of develop-
ment on QIG3-QIG5 surfaces (Sehgal, 1974; Pal et al., 2009b, 2010).
2.7.2. Ghagghar-Yamuna Plains (GYP)
The GYP is themajor geomorphic divide that separates ﬂuvial plains
with westerly drainage (Ravi, Beas, Sutluj, and Ghagghar Rivers) from
easterly drainage (Yamuna, Ganga, Ghaghara Rivers) systems. It is char-
acterized by weakly developed soils (QIG2: Inceptisols; 0.5–2.5 ka) that
also forms an important soil-geomorphic divide between the well-
developed soils (QIG4-QIG5: 5–10 ka: Alﬁsols) on either sides of the
GYP (Fig. 1). Seven soil-geomorphic units identiﬁed over the GYP
occur on uplands between theGhagghar andYamuna rivers, theAeolian
Plains, and the Old Yamuna Plains (units 12–17; Fig. 1; Table 3). Soils in
theGYP are characterized byweakly developed proﬁleswith Inceptisols
in N90% of the area (Singhai et al., 1991; Pal et al., 2010; Aruche, 2014).
2.7.3. Yamuna-Ganga Interﬂuve (YGI)
The YGI occurs to the immediate east of the soil-geomorphic divide,
the GYP. It is one of the largest soil-geomorphic groups with upland in-
terﬂuve between the Ganga and the Yamuna rivers (Fig. 1). It consists
of six soil-geomorphic units that are dominated by well developed soils
with predominance of Alﬁsols on QIG3–QIG5 surfaces (units 19–24;
Fig. 1; Table 3). The northern most part of the YGI is characterized by in-
cised piedmonts and the oldest soil on QIG5 surface (Kumar et al., 1996).
2.7.4. Ganga-Ghaghara Interﬂuve (GGI)
Similar to the YGI, the interﬂuve between the Ganga and the Gha-
ghara Rivers comprises a very large part of the IGP. It is made up of 11
soil-geomorphic units (units 25–35; Fig. 1; Table 3). More than N50%
of the soils in the GGI occur on the oldest geomorphic surface (QIG5:
N10 ka). In the northernmost part of the GGI, immediately below the
62 P. Srivastava et al. / Earth-Science Reviews 140 (2015) 54–71foothills, it is marked by young soils on alluvial fans and ﬂuvial plains
(QIG1-QIG3 surfaces: Srivastava et al., 1994; Singh et al., 2006). A
major part of the GGI, approximately 60–80% is dominated by
Alﬁsols (Srivastava et al., 1994; Pal et al., 2010).
2.7.5. Ghaghra-Rapti Plains (GRP)
The GRP occurs to the east of GGI and it is marked by upland inter-
ﬂuve, ﬂuvial plains and piedmonts between the Ghaghara and the
Rapti Rivers (Srivastava et al., 1994). About 40–50% of the GRP is cov-
ered by young soils on QIG1-QIG3 surfaces and 50–60% old the soils
on QIG4-QIG5 surfaces (Srivastava et al., 1994). The northern part
of the GRP is characterized by incised piedmont with QIG1 and
QIG2 surfaces and numerous paleochannels of the Ghaghara River
with QIG1 soils (Srivastava et al., 1994).
2.7.6. Gandak Megafan (GMF)
The GMF is one of the largest wet alluvial fans of the world that
occurs in central part of the IGP. It is marked by an 80 km shift of
the Gandak River over the last 5 ka (Mohindra et al., 1992). It consists
of ﬁve soil-geomorphic units that show an increase in the degree of
soil development from east towest with oldest soils on QIG4 surfaces
(units 42–46; Fig. 1; Table 3).
2.7.7. Gandak-Kosi Interfan (GKI)
The GKI is a geomorphic low with active sedimentation between
the Gandak megafan in the west and the Kosi megafan in the east.
Four soil-geomorphic units, making up the GKI, contain predomi-
nantly weakly developed soils on QIG1-QIG2 surfaces (units 47 and
48; Fig. 1; Table 3). Some of the soils in themiddle part of the interfan
show moderate development on QIG3 surface (units 49 and 50;
Fig. 1; Table 3).
2.7.8. Kosi Megafan (KMF)
The tear drop shaped KMF is the largest wet alluvial fan in the world
with a diameter of about 120 km and area of ~16,000 km2. It is marked
by N110 km westward shifting of the Kosi River channel over the last
220 years (Wells and Dorr, 1987; Singh et al., 1993). Facies analysis of
the KMF shows rapid sedimentation (Singh et al., 1993). It mainly con-
sists of very weakly developed soils that correspond to QIG1 surface of
the IGP (Singh et al., 1993).
2.7.9. Mahananda-Tista Plains (MTP)
TheMTP lying immediately in the east of the Kosi megafan is limited
by piedmont in the north and ﬂuvial plains of Mahananda and Tista Riv-
ers in the south. Soils of theMTP are characterized byweakly developed
soils as Entisols and Inceptisols on the QIG1–QIG2 surfaces (NBSSLUP,
1992; Singh et al., 1998).
2.7.10. Barind Tract (BT)
The BT is marked by uplifted region in the south of Mahananda-
Tista Plains. This is associated with an east–west trending upland
with its major portion in Bangladesh. At least three topographic
levels with height ranging from 5 to 25 m above the adjoining ﬂood-
plains occur on the Barind Tract (Singh et al., 1998). The associated
soils shows predominance of Inceptisols and Alﬁsols developed on
QIG3-QIG4 surfaces (units 53–54; Fig. 1; Table 3).
2.7.11. Deltaic Plains (DP)
The deltaic plains (DP) are marked by the uplands of the
Chhotanagpur-Rajmahal Hills (35–120 m msl) and the old and young
ﬂuvial plains (Units 54–56; Fig. 1; Table 3). The landscape is very gently
sloping to undulating with dendritic and annular drainage and red soils
(Singh et al., 1998). Soils of the upland show strong pedogenic develop-
ment with dominance of ferruginous Alﬁsols on the QIG5 surfaces
(Singh et al., 1998; Aruche, 2014). The Old ﬂuvial/deltaic Plains, located
to the east of the upland area, are levelled with ferruginous soils. Theplains include the Bhagirathi-Ajay Plains, the Ajay-Silai Plains and
Damodar-Deltaic Plain that contain weak to moderately developed
Inceptisols, Alﬁsols, and Vertisols (Singh et al., 1998; Pal et al., 2010;
Aruche, 2014).
2.7.12. Tista-Brahmaputra Plains (TBP)
The TBP demarcates the eastern most part of the IGP with piedmont
and ﬂuvial plains (units 58–62; Fig. 1; Table 3). It is marked by west-
ward ﬂowing braided channel of the Brahmaputra River and numerous
small alluvial fans and piedmonts below the foothills (Fig. 1). Active
sedimentation over this area shows the dominance of only weakly de-
veloped soils as Entisols and Inceptisols on QIG1 and QIG2 surfaces
and moderately developed soils on QIG3 surfaces (units 58–62; Fig. 1;
Table 3).
2.8. Field characteristics of soils across the IGP
Field characteristics of the 4 representative pedons across the IGP
are distinguishable by soil texture, Bw/Bt horizon thickness, and
pedogenic carbonates (Fig. 2). The soils over the western part of
the IGP beyond the Yamuna river show coarse texture, thin Bw/Bt
horizon with large amount of pedogenic carbonates (e.g. Pedon
Khambi, Fig. 2), but the soils over the central parts in interﬂuve re-
gions are marked by sandy to silty clay loam with thick Bt horizons
and less pedogenic carbonates (e.g. Pedons Sasni and Dodapur,
Fig. 2). The soils over the eastern most part in the deltaic region are
marked by ﬁne silty clay to clayey texture, vertic features, and ab-
sence of pedogenic carbonates (e.g. Pedon Manteshwar, Fig. 2).
2.9. Soil Ages of the IGP
The IGP was considered to consist of an older and a younger alluvi-
um. Marked by a higher degree of pedogenesis, the older alluvium
was assigned a lower Pleistocene age (Wadia, 1966; Bhattacharya and
Banerjee, 1979) or a minimum age of 120 ka (Singh, 1988). Recent
soil-geomorphic studies demonstrate the presence of more than two
geomorphic surfaces in the IGP (Mohindra et al., 1992; Srivastava
et al., 1994, 1998; Kumar et al., 1996; Singh et al., 1998). Age of the
IGP soils that formed on ﬁve geomorphic surfaces range from b0.5 ka
to 13.5 ka (Tables 1 and 2). The soil ages are based on radiocarbon, ther-
moluminescence (TL), archaeological, and historical data from the IGP
(Table 2). The TL dates are greater than the radiocarbon dates of
calcretes (Table 2). This is due to the fact that TL dates give the time
of deposition and start of pedogenesis, whereas calcrete takes time to
form and it is also affected by dissolution and reprecipitation within
the soil proﬁle (Srivastava et al., 1994; Singh et al., 1998). TL dates are
considered here as approximate maximum ages of soils. The `Lateritic
Upland` (unit 55, Fig. 1) with red soils of Early to Middle Pleistocene
age is the oldest soil of the IGP (Singh et al., 1998).
3. Holocene climatic ﬂuctuations and pedogenic response of IGP
soils
The soil-geomorphic research during the last two decades has
helped in delineating the paleoclimatic record of the IGP during the Ho-
locene. It also establishes the use of micromorphology, clay minerals,
isotope geochemistry of pedogenic carbonates, and polygenetic pedo-
genic features as important proxies for Holocene climate changes
(Srivastava et al., 1998; Srivastava, 2001; Srivastava and Parkash,
2002). Information from these proxies indicates two humid phases dur-
ing soil formation over the IGP, one between 13.5 ka and 11.0 ka and the
other between 6.5 ka and 4.0 ka. The intervening period witnessed the
dry climate (Srivastava et al., 1998; Pal et al., 2000a; Srivastava, 2001;
Srivastava and Parkash, 2002).
Micromorpholological studies reveal that soils of the IGP are polyge-
netic (Srivastava and Parkash, 2002). The QIG5 soils on uplands are
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(13.5 ka–11.0 ka) and thick (150–200 μm) microlaminated clay
pedofeatures of a later humid phase (6.5–4.0 ka). The earlier clay
pedofeatures show degradation as bleaching, loss of preferred orienta-
tion, development of a coarse speckled appearance and fragmentation,
whereas those of the later phase are thick, smooth and strongly birefrin-
gent microlaminated clay pedofeatures (Srivastava and Parkash, 2002).
The illuviation was more extensive during the later phase, as indicated
by enrichment of groundmass as discrete pedofeatures of clay
intercalations.
The dry phases of climate (early Holocene to 6.5 ka and after 4.0 ka)
show dominance of the pedogenic carbonate (PC) formation and their
dissolution-reprecipitation in the subsequent wetter conditions
(Srivastava, 2001; Srivastava and Parkash, 2002). Clay mineralogical
studies of IGP soils show that biotite weathered to trioctahedral vermic-
ulite and smectite during the semiarid-arid conditions and it trans-
formed to interstratiﬁed smectite-kaolin (Sm/K) during the warm and
humid conditions (Srivastava et al., 1998). The relatively dry climates
since 4.0 ka lead to the preservation of vermiculite, smectite, and Sm/
K assemblages in older soils of the IGP (Srivastava et al., 1998). The Car-
bon and Oxygen isotope studies on the pedogenic carbonates from the
older soils (8–10 ka) reveal a relative depletion of 13C in comparison
with younger soils (b2.5 ka), indicating low soil-respiration and drier
conditions during the early Holocene (Srivastava, 2001). The paleocli-
matic changes inferred through pedogenic carbonate of the IGP soils
are consistent with those reﬂected by the paleovegetation record
(Gupta, 1978; Srivastava, 2001). The Holocene paleovegetation infor-
mation from the IGP indicates the spread of Chenopodium and Typha
angustata biomass during the semiarid-arid climate that changed to
Anogeissus and Tecomella spp. in warm and humid phase of climate
(Gupta, 1978).
4. Neotectonics and pedogenic response of IGP soils
The tectonic framework of the vast and ﬂat IGP can be organised
as basement and surface structural features. The basement structural
features of the IGP extend as major transverse faults, ridges, andFig. 3. Basement structural features of the IGP (after Fuloria, 1969; Sastri et al., 1971; Valdiya, 1
trending Aravalli-Delhi massif, Faizabad Ridge after Bundelkhand massif, Munger-Saharsa Ridg
basement faults as: NE trending faults along Delhi-Hardwar ridge, Sohna-Sonipat fault, Morad
Depression and Munger-Saharsa ridge, Dubri Fault between Assam Plateau and Bengal basin, adepressions (Fig. 3). The surface structural features are the faults
and tectonic blocks that are deciphered by mapping of soil-
geomorphic units and the drainage pattern in the IGP (Fig. 4).
Some of the surface faults are related to the basement and these
have been active over the last 10 ka. These faults in the IGP are con-
sidered analogues to the growth faults in the deltaic regions
(Mohindra et al., 1992; Srivastava et al., 1994; Singh et al., 1998).
The neotectonic structures are marked as surface ruptures as normal
faults and thrust splays that show topographic breaks up to ~20 m
(Srivastava et al., 1994; Parkash et al., 2000; Pati et al., 2012). Devel-
opment of the surface structural features in the IGP is mainly due to
themovement of the Indian Plate, causing compressive stresses from
the S55°W direction (Srivastava et al., 1994; Parkash et al., 2000).
The pedogenic response of the IGP to neotectonics is described here.
In the western part of the IGP, soils on two sides of the Ghagghar River
are very different in terms of degree of soil development. In its western
side, the soils aremarked bywell developed features onQIG3-QIG5 sur-
faces in the Punjab, while on eastern side it is marked by weakly devel-
oped soils on QIG2 surface in the Haryana. The contrasting nature of the
soils on two sides of theGhagghar River is due to the presence of a trans-
verse fault along the Ghagghar River (Fig. 4; Singhai et al., 1991). The
upland in west of the Ghagghar river is related to shifting of Sutluj
river with many paleochannels (Pal et al., 1980). The Yamuna River is
related to a fault along its course due to down warping in its west and
reactivation of a major fault, i.e. Sohna-Sonipat fault (Garlapuri, 1984).
Kumar et al. (1996) mapped this fault based on soil geomorphic devel-
opment and contrasting soils on either sides and interpreted that this
fault represents a fault system with convexity towards southwest
(Fig. 4). Similarly, the Ganga River in middle part of the IGP runs along
a fault system with convexity towards west (Srivastava et al., 1994;
Kumar et al., 1996). This fault system is also demarcated by contrasting
soils on either side of the Ganga River (Srivastava et al., 1994; Kumar
et al., 1996). The Yamuna Fault and the Ganga Fault merge in the
south with similar upland soils on either side (e.g. QIG5 soils in units
24 and 34; Fig. 4). The Ghaghara fault system demarcates boundaries
between upland interﬂuve in the east and the west of the river
(Srivastava et al., 1994).976). Basement ridges as extension of peninsular parts as: Delhi-Hardwar Ridge after NE
e after Satpura massif (shaded with cross), Sarda and Gandak depressions (shaded), and
abad fault as extension of Great Boundary Fault (GBT), Patna fault as boundary of Gandak
nd growth faults of the Bengal basin.
Fig. 4. Surface structural features of the IGP as longitudinal and transverse faults and tectonic blocks (after, Singhai et al., 1991; Mohindra et al., 1992; Srivastava et al., 1994; Kumar et al.,
1996; Singh et al., 1998).
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coincide with the Faizabad basement ridge (Figs. 3 and 4). The two
faults have resulted in segmentation of the interﬂuves over this region
(Srivastava et al., 1994). The Gandak River has shifted ~80 km to east
in the last 5 ka due to tilting of the megafan (Mohindra et al., 1992).
Contrasting soils on either side of the Gandak megafan are due to
Rapti and Gandak Faults that are unrelated to any basement feature of
the region (Mohindra et al., 1992). The interfan between Gandak
megafan and Kosi megafan is marked by muddy sequences with rapid
sedimentation (0.7–1.5 mm/a) and weakly developed soils (Sinha and
Friend, 1999). The fault along the Kosi River is a sinistral fault that off-
sets the Siwalik sediments for about 20 km. It broadly coincides with a
major transverse fault with down warping in the west (Raiverman
et al., 1983). The soils over the deltaic region of the IGP occur within
Bengal Sedimentary Basin bordering cratonic rocks (unit 55, Fig. 1).
Singh et al. (1998) mapped soil-landscapes of the area and delineated
three transverse faults, Chhotanagpur foothill fault (CFF), Medinapur-
Farakka fault (MFF), and Damodar fault (DF) bounding tectonic blocks
(Fig. 4). The landforms over the three tectonic blocks are marked by
25 m, 20 m, and 6 m topographic relief with a down-throw towards
east (Singh et al., 1998). In an earlier study, a series of N-S trending
basement faults were reported as Basin Margin Faults in this region
(Sen-Gupta, 1966).
The pedogenic response to the neotectonics in the IGP can be ex-
plained by tectonic movement of the fault bounded blocks (Srivastava
et al., 1994). Uplift of the blocks above the general level of rivers led to
the termination of sedimentation and initiation of pedogenic activity.
Soils formed on the uplifted blocks, therefore, preserve the climate re-
cord. The uplift of different blocks at different times provides a sequence
of soils that preserve signatures of the climate and the extent of soil de-
velopment. The older soils are also modiﬁed by the later climate show-
ing polygenetic features (Srivastava and Parkash, 2002). In view of the
neotectonics of the IGP, following features within soils and geomorphic
units need to be highlighted: (i) Nearly 50% of the IGP is covered by up-
land region with well developed soils on QIG4 – QIG5 surfaces inwestern part of the Ghagghar, upland interﬂuves of the Yamuna-
Ganga, Ganga-Ghaghara, Ghaghara-Rapti interﬂuves and some upland
regions of the deltaic plains (unit 55–56, Fig. 1). It implies strong pedo-
genic activity since ~10 ka over these stable upland regions and active
sedimentation in the remaining parts of the IGP with poorly developed
soils (Srivastava et al., 1994; Kumar et al., 1996; Singh et al., 1998). (ii)
Sagging or down warping of large geomorphic surfaces or tectonic
blocks bounded by faults resulted in greater sinuosity of the streams
such as, the Gomti, Sai, Rapti and Sarju rivers in units 34, 401, 41;
(Figs. 1 and 4 after Srivastava et al., 1994). (iii) The compressive forces
from SW, most likely played a key role in modifying the otherwise ﬂat
terrain to micro-low (0.5–1.0 m) and micro-high. It also inﬂuenced pe-
dogenesis with dominance of highly sodic soils (Natrustalfs/
Natraqualfs) in micro-low and less sodic soils over micro-high areas
(Pal et al., 2003a).
5. Soils of the IGP: climatic variability, pedogenic processes, and
taxonomic classes
5.1. Climatic variability and soils of the IGP
Soils of the IGP are spread across the seven climatic zones varying
from hot-arid in the west to per humid conditions in the east (Fig. 5;
Table 3). The soils in the western part of the IGP with hot-arid climate
are marked by sandy loam texture and low organic carbon (OC).
These soils are calcareous and moderately alkaline nature but not
sodic due to less leaching and aridity (e.g. 4 benchmark soils; Table 3;
Pal et al., 2010). Further east, the soils in semi-arid dry (SAD) climate
are characterized by loam to sandy clay texture, low OC, calcareous,
and neutral to moderate alkaline nature (e.g. 9 benchmark soils;
Table 3; Pal et al., 2010). Some of the SAD soils are also sodic in nature
(Pal et al., 2010). In the central and eastern part of the IGP with sub-
humid dry (SHD) and sub-humid moist (SHM) climate, the soils are
characterized by silty loam to silty clay loam texture, low OC, moderate
alkanity, and less calcareous nature (e.g. 14 benchmark soils; Table 3;
Fig. 5.Map showing climatic variability across the IGPwith hot arid climate over thewestern part and per humid climate in the easternmost part in deltaic region (rainfall data after IMD,
2009). The climatic zones stand for: HA-hot arid, SAD-semiarid dry, SAM-semiarid moist, SHD-sub humid dry, SHM-sub humid moist, HM- humid moist, PH- per humid.
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moist (HM) climate, the soils are marked by silty clay to silty clay loam
texture, high OC, and saline-alkaline nature (e.g. 1 benchmark soil;
Table 3; Pal et al., 2010). Soils over the Tista-Brahmaputra Plains (TBP)
are characterized by per humid climate (PH), silty clay loam to sandy
clay loam texture, high OC, slight acidity, and no pedogenic CaCO3 (e.g.
2 benchmark soils; Table 3; Pal et al., 2010). The prevailing climatic vari-
ability across the entire IGP plays a key role in the contemporary pedo-
genesis. It also inﬂuenced soils on older geomorphic surfaces with
polygenetic features (Srivastava and Parkash, 2002; Pal et al., 2010).
5.2. Pedogenic processes and taxonomic classes of soils in IGP
Themajor pedogenic processes in soils of the IGP are addition and
depletion of organic carbon (OC), formation of pedogenic CaCO3
(PC), illuviation of clay particles, and argilli-pedoturbation during
the Holocene (Pal et al., 2000a,b, 2003b; Srivastava, 2001). The ped-
ogenic processes resulted in formation of Entisols, Inceptisols,
Alﬁsols and Vertisols with varying climate and parent material
across the IGP. The PC occurring as powdery to large nodules (Fig.
6a–h), is marked by a general decrease in subsoils from hot arid to
sub humid climates (Pal et al., 2000a; Srivastava, 2001). The PC is
even absent in soils of per humid regions (e.g. Seoraguri soils, unit
59, Fig. 1). In western part of the IGP, the soils with Entisols and
Inceptisols characteristics formed on QIG1 and QIG2 surfaces with
large amount of PC in the soil proﬁles due to aridity. The Alﬁsols com-
monly occur in all climatic zones and correspond to QIG4 and QIG5
geomorphic surfaces of the IGP. In hot-arid and semiarid dry climates
such soils are highly alkaline and mostly sodic in nature (Haplargidic/
Typic/Vertic Natrustalfs), whereas in SAM, SHD, SAM and PH climates,
the soils becomemildly alkaline, neutral-acidic, and non-sodic in nature
(Oxyaquic/Typic Haplustalfs, Aeric/Vertic/Typic/Umbric Endoaqualfs)
(Pal et al., 2010). The increasedﬂux of cratonic origin enrichedwith pla-
gioclase and smectitic clay as its weathering product has resulted vertic
features in many soils over western and eastern parts of the IGP
(Figs. 6g, h) (Pal et al., 2010; Aruche, 2014).
Most of the IGP soils, except than those with vertic characters, are
marked by weathering of biotite on a large scale (Pal et al., 1994,2003a; Srivastava et al., 1998; Srivastava and Parkash, 2002). Instead
of pure void argillans, impure clay pedofeatures (Figs. 7a–f) with im-
pairment of parallel orientation of clay platelets along the voids are typ-
ical of these soils (Pal et al., 1994, 2003b, 2009a, 2010). The presence of
clay pedofeatures in soils with vertic characters (Fig. 7g, h) implies that
clay illuviation is an important pedogenic process even in soils with
shrink-swell pehenomena (Pal et al., 2009a, 2012b). Presence of illuvial
clay features together with PC in soils indicates that illuviation of clay
particles, especially in dry climates occurred under a favourable pH con-
dition. That was favoured by higher than the zero point of charge re-
quired for complete dispersion of clay caused by the precipitation of
soluble Ca2+ ions as CaCO3 (Eswaran and Sys, 1979). This discounts
any role of soluble Ca2+ ions and the presence of CaCO3 in preventing
the movement and the accumulation of clay particles. Thus the forma-
tion of illuvial clay pedofeatures and the pedogenic carbonates are
two pedogenetic processes that occurred simultaneously during the for-
mation of the IGP soils. The two contemporary pedogenetic events that
cause concomitant development of soil sodicity exemplify the pedogen-
ic threshold in dry climates during the Late Holocene (Pal et al., 2003b,
2009a, 2012b).
The Holocene climatic changes caused polypedogenesis in soils that
formed on QIG 4 and QIG5 surfaces of the IGP (Srivastava and Parkash,
2002). Such soils over the western part with arid and semi arid climatic
zones are marked by several episodes of pedogenic carbonates features
together with illuvial features (Srivastava and Parkash, 2002). By con-
trast, the polypedogenic features in soils of the sub-humid to humid
central and eastern parts of the IGP are dominated by the illuvial fea-
tures over the pedogenic carbonates of different phases (Srivastava
and Parkash, 2002).
The reclamation and amelioration practices have caused notable
changes in the soil characteristics of the IGP. For example, the Sakit
soils which were sodic (Murthy et al., 1982); following reclamation
with gypsum and rice as ﬁrst crop the soils now qualify as Haplustalfs
(unit 23; Table 3). However, two soils, namely, Zarifa Viran and Hirapur
still remain as sodic soils (Natrustalfs: unit 23 and 13; Table 3). Similar-
ly, Haldi soils which were Mollisols (Murthy et al., 1982); after about
two-and-half decades of agricultural practices qualify as Typic
Haplustalfs (Unit 27; Table 3).
Fig. 6. Pedogenic carbonate (PC) in soils of IGP, (a) part of a large pedogenic carbonate with dense micrite and dissolution features with ﬂoating mineral grains in the groundmass from
Maham soils (SAD climate, Unit 14, QIG2), (b) powdery to soft nodule of pedogenic carbonate of micrite with diffused boundary in the groundmass and adjacent impure clay pedofeature
marked by arrow from Jatikalan soils (SAD climate, Unit 15, QIG2), (c) part of large densemicritic nodule of pedogenic carbonatewith diffused boundary togetherwith impure clay coating
along void marked by arrow from Pawasgaon soils (SAD-SHM climate, Unit 24, QIG5), (d) dense micritic to sparitic pedogenic carbonate nodule with ﬂoating coarse mineral grains and
diffused boundary from Bhetrigaon soils (SAD-SHM climate, Unit 24, QIG5), (e) pedogenic carbonate along a large void showing dissolution and coarsening along with ﬂoating mineral
grains from Bhetrigaon soils (SAD-SHM climate, Unit 34, QIG5), (f) pedogenic carbonate along a void showing dissolution and coarsening in soils with vertic characters from Jodipur
soils (HM climate, unit 54, QIG2), (g) fresh water shell with growth of pedogenic carbonate and fragmentation due to shrink-swell stresses in soils with vertic characters from Jodipur
soils (HM climate, Unit 54, QIG2), (h) dissolution-coarsening of PC caught in a large void in soils with vertic characters from Jodipur soils (HM climate, Unit 54, QIG2).
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Fig. 7. Illuvial clay pedofeatures in soils of IGP, (a) thick illuvial clay along a void and clay enriched groundmass (arrow) from Maham soils (SAD climate, Inceptisol, Unit 14, QIG2),
(b) impure clay coating (arrow) along a large irregular void from Nonand soils (SAD climate, Inceptisol, Unit 15, QIG2), (c) impure clay coatings along voids (arrow) from Jattari soils
(SAD climate, Alﬁsol, Unit 23, QIG4), (d) large amount of impure clay intercalations in the groundmass marked by arrow from Hanumanta soils (SAD-SHM climate, Unit 24, QIG5),
(e) impure clay coating along a large void from Narayanpur soils (SAD-SHM moist climate, Unit 34, QIG5), (f) thick impure clay coating along a large void from Atardihan soils (SHD-
SHMclimate, Alﬁsols Unit 34, QIG5), (g) illuvial clay coatings along planar voids of the soilswith vertic characters fromAlampur soils (SHMclimate, Unit 54, QIG2), (h) illuvial clay coatings
along planar voids of the soils with vertic characters from Tirula soils (SHM climate, Unit 56, QIG4).
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Fig. 8. Representative XRD pattern of the total clay fractions of a benchmark soil from semi arid dry climate (Zarifa Viran pedon, Typic Natrustalfs). Sm= smectite (HCS), V= vermiculite
(HIV), Ch = chlorite (PCh), M= mica, K = kaolin, Ca = Ca-saturated; Ca-EG = Ca-saturated and glycolated; K25o/110o/300o/550 °C = K-saturated and heated (after Pal et al., 2010).
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Majority of the IGP soils havemicaceousmineralogy (e.g. Fig. 8; Zarifa
Viran Pedon, unit 16), whereas the soils with the vertic character are
smectitic. It is observed that smectitic Vertisols and its vertic intergrades
appear not to have originated from the micaceous minerals (units 5
and 56; Fig. 1; Table 3). Had micas weathered to so much amount of
smectite in these soils, all other non-vertic soils should also have smectitic
mineralogy. The formation of the vertic characters in the soils of the IGP
can be explained in view of the non micaceous sedimentary ﬂux of
cratonic origin (Pal et al., 2012a). Micromorphological and mineralogical
investigations indicate that dominance of the cratonic ﬂux enriched
with plagioclase and smectitic clay contributed to the vertic characters
in these soils (Singh et al., 1998; Pal et al., 2010; Srivastava et al., 2010;
Aruche, 2014). The alluvium of the Himalayan origin contains consider-
ably less smectite as compared to that of the craton (Pal et al., 2012a).
These soils, therefore, contain less amount of ﬁne clay smectite (15–
20%) as compared to 25–36% ﬁne clay smectite in vertic intergrades and
Vertisols (Pal et al., 2010). They are formed in the alluvium brought
down from the Himalayan hinterland that contains b2% plagioclase
(Srivastava and Parkash, 2002; Srivastava et al., 2010; Pal et al., 2012a).
Smectite in these soils is the alteration product of plagioclase during
earlier humid climate in the source area as the formation of smectite
frommica is improbable in humid climate (Pal et al., 2012a,b).6. Anthropogenic activities and soils of the IGP
6.1. Origin and dispersal of agriculture and its impact on soils of IGP
The archaeological lines of evidence indicate the agriculture origi-
nated and dispersed from southwest Asia into South Asia (Fuller,2006; Chen et al., 2010). The earliest phase of cultivation, wheat and
barly, traces back to 11,000 BC-9000 BC from Euphrates River Valley,
Syria, southwest Asia (Garrard, 2000; Hillman et al., 2001; Willcox,
2005; Fuller, 2006). The cereals recovered from Mehrgarh site (7000
BC), south Asia mark the introduction of cultivation from the West
(Costantini, 1983). Further east beyond the Indus valley, the earliest re-
cord of cultivation from northern Gujrat has been placed at 3500 BC
(Patel, 1999; Meadow and Patel, 2003). In the Gangetic Plains, the ear-
liest agriculture dates back to early Harrapan period (2800 BC) with
both summer and winter crops (e.g. site Kunaal; Fuller, 2006). It is,
therefore, evident that the monsoonal crops were already available for
cultivation over western parts of the IGP during the Harrapan period.
This practice subsequently spread further east into the Gangetic Plains.
The period after 2000 BC is marked by agricultural village settlement
over a wider region, covering landscapes with agriculturists and seden-
tary settlements (Fuller, 2006).
It is crucial to understand the impact of climatic transition to
aridiﬁcation during 4th and 3rd millennium BC on cultivation over
the IGP. Prior to the transition, rainfall in the Indus Valley was prob-
ably more than double the amount received now. Such a high rainfall
facilitated the ﬂourishing both agriculture and forestry (Randhawa,
1945). The aridiﬁcation set in during 4th and 3rd millennium BC pos-
sibly caused the end of the great Harrapan civilization. The adverse
climatic conditions induced precipitation of CaCO3, thereby depriv-
ing the soils of Ca2+ ions on the soil exchange complex with a
concomitant development of sodicity in the subsoils. The subsoil
sodicity impairs the hydraulic conductivity of soils. Therefore, the
impairment of percolative moisture regime provides an example of
a soil where gains exceed losses. This self-terminating process
(Yaalon, 1983) leads to the formation of sodic soils with exchange-
able sodium percentage (ESP) decreasing with depth. It has been
opined that formation of pedogenic carbonate (PC) initiates the
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soil degradation (Pal et al., 2000a). The semi-arid climatic episodes dur-
ing Holocene favoured the formation PC in subsoils of the IGP. The rate
of formation of PC is faster and of the order of 0.86 mg/100 g of soil/y in
the ﬁrst 100 cm of the proﬁle at present (Pal et al., 2000a).
The canal irrigation introduced during the end of the 19th centu-
ry in the north-western part of the IGP, is the other important factor
that affects the IGP soils. It was introduced to minimize the problem
of aridity and to stabilize crop yields. Although it resulted in the ex-
pansion of the cultivable area in the IGP, the practice of irrigation
during the dry climate without the provision of drainage led to soil
salinization and alkalinisation within a few years, due to rise in the
groundwater table containing high proportion of sodium relative to
divalent cations and/or high residual alkalinity (Abrol, 1982). In ad-
dition, the application of groundwater with high sodicity for irriga-
tion also increased sodic soils in the IGP (Abrol, 1982).
6.2. Natural and anthropogenic degradations and management interven-
tion in IGP soils
The IGP covers approximately 1/3 cultivable area of India and
produces nearly 50% of the country`s food grains for its population.
Most of the land in the IGP has been cultivated using traditional
mixed cropping methods until the middle of the 19th century. Dur-
ing the last 3–4 decades the agriculturists of the IGP have successful-
ly increased food grain production by introducing high-input
technologies to meet the demands of the exponentially growing
population. The strategies andmeasures adopted to achieve this suc-
cess included, among others, (i) the spread of high-yielding varieties,
(ii) expansion of irrigated area, (iii) increased use of fertilizers, (iv)
plant protection chemicals, (v) strengthening of marketing infra-
structure, and (vi) introduction of subsidies (Abrol et al., 2002).
The IGP soils of HA, SAD, SAM, SHD climates are deﬁcient in or-
ganic carbon due to high rate of decomposition. The adverse climat-
ic conditions have caused the precipitation of CaCO3 with a
concomitant development of sodicity in the subsoils (e.g. Hirapur,
Ghabdan, Sakit and Zarifa Viran soils, units 16 and 23; Table 3).
The management interventions of the National Agricultural Re-
search Systems (NARS) have resulted in depletion of soil organic
carbon in erstwhile Mollisols (e.g. Haldi soils, unit 26, Table 3). In
addition, the rate of dissolution of PC during 30 months` cultural
practice with gypsum in Zarifa Viran soils (Natrustalfs) has been es-
timated to be 254 mg/100 g soil in the top 1 m of the proﬁle. This in-
dicates a much higher rate of dissolution than its rate of formation
(0.86 mg/100 g soil/year) in the top 1 m proﬁle (Pal et al., 2000a,
2009c). This is important as soil inorganic carbon (SIC) is more
than double of the soil organic carbon (SOC) stock in the ﬁrst
150 cm depth, which remains hidden and helps improve the drain-
age, establishment of vegetation, and sequestration of OC in soils
(Bhattacharyya et al., 2004). The continuing agronomic practices
by the NARS can provide the most important Ca2+ ions in both solu-
tion and exchange sites of soil. Such chemical environment would
not allow Haplustalfs to transform to any other soil order so long
CaCO3 continues to serve as a soil modiﬁer (Pal et al., 2012c).
In addition to the impairment of drainage by sodicity some of the
non-sodic soils are also marked by low hydraulic conductivity (sHC
b10 mm/h) (Pal, 2012). Impairment of hydraulic conductivity in
such soils is attributed to an increase in bulk density (BD) in the sub-
soils (Pal, 2012). The increase in BD in subsoils is due to compaction
caused bymodern agricultural implements used tomeet the high de-
mand of rice, wheat and potato crops. This situation however, may
help in maintain yield of rice in rainy season and also in sequestering
more soil organic carbon under sub-merged condition (Sahrawat,
2004; Sahrawat et al., 2005). However, the yield of the subsequent
crop, such as wheat, is either plateauing or declining (Dhillon et al.,
2010). A comparison of the 1980 and 2005 soil data reveals anoverall increase in SOC stock in these soils under agricultural land
use despite the increase in soil inorganic carbon (SIC)
(Bhattacharyya et al., 2007; Pal et al., 2009b). The soil degradation
in terms of development of sodicity, increase in SIC and BD, despite
the positive balance of OC sequestration, is a matter of concern. In
view of the vast area of the IGP, new research initiatives are needed
for development of the historical soil-climate-crop databank. Such
a databank will not only help in ﬁne-tuning the existing NARS man-
agement interventions, but also make the future projections on the
sustainability of the cropping system in the IGP (Dhillon et al., 2010).
7. Conclusions
This review provides state-of-art information on recent develop-
ments in the IGP soils. It uses additional new data from 60 pedons
spread along the west hot arid climate to per-humid climate in the
east, for understanding the pedogenic response to neotectonics, cli-
matic ﬂuctuations, and anthropogenic activities. The synthesis pro-
vides the following salient features of the IGP soils.
(i) Basedondegree of development,ﬁve geomorphic surfaces, QIG1 to
QIG5with soil ages 0.5 ka, 0.5–2.5 ka, 2.5–5.0 ka, 5.0–10 ka, N10 ka
respectively, are mappable in the IGP. These soil-geomorphic
surfaces also correspond to the post-incisive chronosequences
that evolved in response to interplay of ﬂuvial processes, climatic
ﬂuctuations, and neotectonics during the Holocene.
(ii) The polygenetic attributes, illuvial clay pedofeatures, pedogenic
carbonates, claymineralogy, and stable isotope geochemistry, sug-
gest the evolution of the IGP soils witnessed two humid phases
(13.5–11.0 ka and 6.5–4.0 ka) with intervening dry climatic condi-
tions.
(iii) Activation of the major faults, uplifting, sagging, and tilting of tec-
tonic blocks due to the movement of the Indian Plate resulted in
convexity of the major rivers towards west, widening-narrowing
of the ﬂoodplains, increased sinuosity and shifting of streams. The
pedogenic response to the neotectonics suggests upliftment of
blocks caused break in the sedimentation and initiation of pedo-
genic activity under prevailing climate. Episodic uplift of different
blocks resulted in a sequence of soils with varying degree of devel-
opment.
(iv) Soils of the IGP across the topographic gradient (b0.02%) with
varying climate from hot-arid to per humid belong to Entisols,
Inceptisols, Alﬁsols, and Vertisols orders. Some of the sodic soils
(Natrustalfs) changed to Haplustalfs, and the Mollisols changed
to Typic Haplustalfs after two decades of reclamation and agricul-
ture. The major pedogenic processes in soils of the IGP during the
Holocene are the addition and depletion of OC, formation pedo-
genic CaCO3, illuviation of clay particles and argilli-pedoturbation.
(v) The IGP soils are, in general, micaceous, but some of the soils with
the vertic characters are smectitic. The soils with micaceous and
smectitic mineralogy were formed in alluviums derived from the
Himalayas and Cratonic rocks respectively.
(vi) The archaeological lines of evidence indicate that the crops were
originated and dispersed from southwest Asia into the Gangetic
Plains in the east. The beginning of agricultural activity over the
southwest Asia is represented by the site of Mehrgarh at 7000 BC
with further dispersal eastward over the upper and middle Gan-
getic Plains occurred around 2000 BC. Deforestation and cultiva-
tion of the IGP for over several millenniums has inﬂuenced the
pedogenesis of the IGP.
(vii) The natural and anthropogenic degradation of the IGP soils are the
potential threats that cause enhancement of the SIC and soil BD.
These challenges require appropriate management interventions
for restoring andmaintaining soil health for sustainable agricultur-
al production.
(viii) It is hoped that this reviewwould be potentially useful as guideline
70 P. Srivastava et al. / Earth-Science Reviews 140 (2015) 54–71formanagement of the IGP soils based on abetter understanding of
their pedology and their linkage to climate change, landscape sta-
bility, and anthropogenic activity. There is an urgent need to create
historical soil–climate-crop data source that can be used in ﬁne-
tuning ofmanagement interventions. It will help systemmodellers
to make future projections on sustainability of productivity in the
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